Anatomical and molecular characters used to differentiate populations of the land snail Cornu aspersum (Helix aspersa) exhibit, in the western Mediterranean, definite and concordant patterns of correlation with geography. Scenarios involving Pliocene geological changes and postglacial expansion during the Pleistocene were proposed in previous studies to account for the establishment of this geographical structure. In the present work, we have performed a spatial analysis of variation in shell morphometrics, after the partitioning of the overall variation into size and shape components by means of a principal component-based approach (Cadima and Jolliffe, 1996) . In order to know if the same historical events have also structured shell variation, the analysis includes all the populations from North Africa which were investigated for anatomical and molecular surveys. Contrary to shell size, which shows a significant spatial heterogeneity essentially related to environmental pressures, variation in shell shape components splits the populations according to a geographical pattern reflective of hypotheses suggested for molecular markers and genital anatomy. This implies that the selective forces often invoked to explain spatial changes in shell shape are not the deciding factors in the present case. Moreover, within each of the two geographical clusters defined, Mantel correlograms show that the similarity between populations declines according to an isolation by distance model. Because of the different allometric relationships between shell size and genitalia measurements in Western and Eastern entities of North Africa, mechanical constraints, possibly leading to a precopulatory isolation in the contact zone, are involved.
Introduction
In land snails, shells often provide relevant morphometric data used in taxonomy and phylogenetic inference as well as in population biology. Shell morphology, which preserves the ontogenic record of growth, is now the principal subject of a subfield of morphometrics, namely theoretical morphology, which has led, since the initial mathematical modelling of Raup (1966) , to convincing studies on the formal and historical determinants of shell forms, as well as functional interpretations of their observed distributions in theoretical morphospaces (eg, Stone, 1996 Stone, , 1999 Mc Ghee Jr, 1999; Samadi et al, 2000) . The shape of molluscan shells has also been characterized, in more traditional approaches, by the use of simpler measurements, such as the ratio of width to height (for a review, see Goodfriend,1986) , or by the plotting of these two measurements in order to create a 'size/shape space' (Cain, 1981; Cameron and Cook, 1989) . Multivariate morphometrics have also been extensively used to separate size and shape components of the shell but, following the major paper of Rohlf and Marcus (1993) on morphometric methodology, there is now a clear tendency to record sufficient data in order to allow the recreation of the structure being studied (Stone, 1998; Monteiro et al, 2000) .
In North Africa, native populations of the Mediterranean land snail Cornu aspersum (Helix aspersa) show conspicuous shell variation, which has been the subject of extensive studies, leading to the recognition of several endemic forms (Germain, 1908; Taylor, 1913) . However, the typological approach adopted by these authors to investigate the morphological variation provides no information about the shells multivariate geographical pattern, and ignores the nature of the differentiation between morphotypes. Another problem is that this methodology produces a description based on shell phenotypes alone. More recently, research has been carried out in the light of 'modern' population biology, which has included: (i) a comparative study of the geographical variation of potentially independent sets of data, that is allozymes, mtDNA and morphological and anatomical features, in order to assess the processes responsible for the current geographical distribution of Cornu aspersum on the Mediterranean and western European coastline (Madec, 1991a, b; Lazaridou-Dimitriadou et al, 1993; Madec and Guiller, 1994; Guiller et al, 1994 Guiller et al, , 2001 , and (ii) the investigation, in artificial conditions, of the genetic component of variation in some conchologically distinct morphologies in relation to their life-history tactics (Madec and Daguzan, 1993; Madec et al, 1998) . In this way, genital anatomy has already been used in a biogeographical context , but distance matrices resulting from measurements of these soft body parts did not, in early studies, take consideration of (i) the distinction between size and shape effects, and (ii) recent developments elucidating the functional relationships between some parts of the distal genitalia (Koene and Chase, 1998; Van Osselaer and Tursch, 2000) .
In this study, we focus on shell and genital features, without taking geometrical relationships among measurements into account. We do this, not because of logistical problems (see Johnston et al, 1991; Stone, 1998) , but because our main aim is not to recover the overall form of a structure but to search for a geographical pattern in shape variation among samples, with individuals adjusted to a common size (see Rohlf, 1990) . We use the technique proposed by Cadima and Jolliffe (1996) , which results in the partitioning of the overall variation into size and shape components, but without the major drawbacks found with other principal component-based approaches that also produce an isometric vector (Somers, 1989; Bookstein, 1989; Yoccoz, 1993) . Populations from Western Europe are excluded from the analyses because of their recent introduction by man and consequent loss of genetic variation. In fact, despite locally significant differences, this area is characterized by a high homogeneity in shell morphology and genital anatomy.
In a second step, we search for the spatial structure of the variation of shape components, by means of autocorrelation methods. The patterns obtained are then discussed in the light of those resulting from analyses based on allozymes and mtDNA sequences, variations which are commonly assumed to be selectively neutral.
Materials and methods
Sample collection and measurements For this study of shell variation, we have retained a total of 577 snails from the 31 North African samples of Cornu aspersum previously studied for allozymic and mtDNA variation ( Figure 1 ). Five shell measurements were taken either on the axial view (SH: height; SW: width; SD: maximum diameter) or on the apertural view (AL: aperture length from the point of adhesion of aperture to body whorl; AW: maximum aperture width) in order to describe quantitatively the size and shape. Only shells with a reflected lip were used because this indicates the cessation of growth, together with the maturity of the snail. These measurements mirrored general aspects of size and shape already used by earlier workers for their catalogues (see Taylor, 1913) , which are essentially based on the ratio of width to height and the relative size and shape of the aperture. Moreover, breeding experiments have shown that a large part of the variation leading to the characterization of some morphotypes is genetically determined (eg the 'giant' form Helix aspersa maxima Taylor or the 'conical' form Helix aspersa conoidea Picard) but, within a given form, the variation in the trait itself is sometimes subject to a strong environmentally induced component (Madec and Guiller, 1993; Madec et al, 1998) .
Nine measurements of the reproductive anatomy were carried out in each of 269 specimens according to the methods and nomenclature described in Madec and Guiller (1994) . However, recent developments related to the functional morphology of the reproductive system in genus Helix have demonstrated sexual selection, based on the gametolytic power of bursa copulatrix and acting on covariation of some of its parts (Lace, 1992; Koene and Chase, 1998; Van Osselaer and Tursch, 2000) . In order to take into account these potential correlations, the measurements used here were modified as follows: (1) FLAL + EPIL: length of flagellum and epiphallus (the spermatophore is formed in epiphallus and flagellum); (2) DIVL+BCL2: length of diverticulum and distal part of bursa copulatrix duct (the spermatophore is transferred into the bursa tract diverticulum and copulatory canal); (3) BCL1: length of proximal part of bursa copulatrix tract, (4) DSL: length of dart sac, (5) OVIL: length of vagina and genital atrium; (6) PENL: length of penis, (7) VDL: length of vas deferens.
Statistical methods
We used a traditional approach, that is multivariate statistics, in order to test for spatial structure in changes of shell shape among the samples. First, variables were log e -transformed to obtain a linear functional relationship between them (A matrix) and then centred (X matrix). Afterwards, we performed a covariance PCA Figure 1 Location of the 31 sites sampled in North Africa.
Morphometric variation in a land snail L Madec et al according to Cadima and Jolliffe (1996) . This was an attempt to (i) give information about allometric relationships between log-transformed variables (PCA based on the covariance matrix, see Jolicoeur, 1963) and (ii) find shape components that are separate from size and from each other (Z matrix, see below). This method, which retains both properties of original PCA, was used instead of the double-centring method (Somers, 1989 , Yoccoz, 1993 , for which the principal drawback is the loss of uncorrelatedness of PCA components with the isometric size component. Data analysis was conducted according to the following steps:
1 'Shape-related' PCA:
) is the isometric size vector (matrix with a single row, transpose of the matrix a 0 ) for p variables, S is the covariance matrix of A; I p the identity matrix of order p (note that in the case of double centring:
Covariance matrix PCA of Z. Graphical representation of the 31 populations according to their factorial scores.
Clustering
Matrices of Euclidean distances (D) were calculated from the first three principal components ('shell' data) and from the first five components ('genitalia' data) of the corresponding PCA. A hierarchy was computed from D (shell data) according to a clustering analysis based on the 'inertia criterion', that is the minimization of the loss of interclass inertia at each step of the clustering (Ward, 1963) . The interpretation of the hierarchy was based on a decomposition of the variance according to the contribution of each variable to the formation of each node. In such an analysis, a node level corresponds to the decrease in between-groups variance associated to the merging of two groups.
3 Mantel correlograms (Legendre and Fortin, 1989) were drawn by calculating Mantel R values between the Euclidean distances (D) and binary matrices built for each class of geographical distances (see Results). Significance levels of individual R values were tested against the null hypothesis of no spatial arrangement by a resampling procedure (1000 permutations). The overall significance of the entire correlograms was assessed using the Bonferroni technique (Oden, 1984) .
Software availability
All calculations and graphs were made with ADE-4 (Thioulouse et al, 1997) . The package can be obtained freely by anonymous FTP to pbil.univ-lyon1.fr, in the /pub/mac/ADE/ADE4 directory. A WWW documentation and downloading page is available at: http://pbil. univ-lyon1.fr/ADE-4.html, which also provides access to updates and user support through the ADEList mailing list.
Results
Analysis of shell variables yielded three principal components accounting in total for 98% of the total variance. Major contributions to the variance of the principal plane included SH vs SW and AW (Figure 2) . The third component essentially distinguished between long vs wide apertures (Table 1) For each variable, zth axis coordinates (Fz), contributions (CTRz) to the inertia of z factor, and correlations (CORz) with z-factor are given. COR represents cos 2 of the angle between a variable vector and factorial axes.
Morphometric variation in a land snail L Madec et al M02 could be attributable to the limits of the present analysis, that is (i) the small sample size for M02 (10 individuals) and the bad representation of its centre of gravity by axis 1 (correlation with the 1st factor ¼ 0.208), and (ii) the projection of A19 very close to M01 but not to the western group (Figure 3 ). The examination of individual scores (coordinates and contributions) showed that the unexpected position of sample A09 (29 individuals) cannot be explained by such analysis bias. Moreover, the contributions of the morphometric variables to the nodes of the hierarchy indicated that the large distance between A10 and the overall centre of gravity was related to the globular form of the shells in this sample (node D -SH: 76%), and that the splitting of the eastern cluster into three subgroups (nodes B and C) was essentially based on the variance of AW (data not shown).
Factorial coordinates were also converted to Euclidean distances between populations, which were used in the construction of Mantel correlograms ( Figure 5) . Results from the previous analysis ( Figure 5 (A-II) ) were compared with data resulting from a PCA without size constraint, which was also performed on the shell measurements (A-I). This latter case showed slight fluctuations on the correlogram, of rz close to 0 (X-axis), that is no spatial structure. However, the analysis after removing size effects showed a progressive decrease of rz until the 375 km distance class, that is a decline of morphometric similarity with increasing geographical distance within each geographical entity (cf. scale in Figure 1 ). In contrast, correlograms based on population scores after PCA for the genitalia measurements (size constrained (B-II) or not (B-I) showed, in each case, a However, one also notes the zero value of rz for the 75 km class in A-II, which disrupts the pattern of a progressive decline of rz. The examination of all pairs of populations involved in this class showed that this unexpected result was essentially based on few populations located near the boundary of western and eastern entities, namely A9, A10, A13, A14 and A15. These populations are characterized by 'morphometric' distances (d m ) that are well above the average of all the pairs included in this geographic distance class (0.103od m o 0.124 and d m ¼ 0:060). As an illustrative example, projection on axis 1 of the size-constrained PCA of A9 and A10, only separated by 78 km, produced one of the highest morphometric distances (see Figure 3) .
Discussion
During the last decade, increasing interest has been devoted to phylogeographical studies of C. aspersum, largely because of the contrast in genetic variability between western European populations, which are poorly diversified apart from some Mediterranean areas, and populations from North Africa, which are spatially well-structured on the basis of a high degree of diversity in allozymes and in mtDNA sequences Madec et al, 1996; Guiller et al, 2001) . Within North Africa, the molecular variation shows a clear West vs East cleavage with the populations from Lesser Kabylia at the intersection. Using autocorrelation statistics, scenarios related to vicariant events are illustrated by highly significant positive values for neighbouring populations (0-75 km) and random or negative ones for distant populations (4400 km), because of clusters well defined by very different allelic frequencies and/or private allozyme alleles (Figure 6 ). However, the progressive decline from significantly positive values to significantly negative ones over the range of distance from 0 to approximately 400 km is consistent with another spatial pattern, often confounded by vicariance (see Sokal et al, 1997; Bossart and Prowell, 1998) , specifically, a neutral model of isolation by distance within each region. Thus, Pliocene geological changes (vicariance) and postglacial expansion during the Pleistocene, especially after the last pleniglacial periods that would create isolation by distance, may have both played leading roles in the establishment of the present spatial structure of genetic variation in this part of the distribution area (see Giusti and Manganelli, 1984; Guiller et al, 1994; Guiller et al, 2001) . Here in the western Mediterranean, the effects of vicariance and isolation by distance will not be blurred by recent processes of human activity.
Previous results related to the variation of distal genitalia over the whole range of this species are largely Morphometric variation in a land snail L Madec et al concordant with this spatial pattern and also confirm the geographical isolation of the eastern part of North Africa . In the present work, a subset of these data was analysed using a different statistical methodology, and in a way allowing the consideration of functional relationships between male and female parts. Nevertheless, the same main clusters of populations are produced. However, the correlograms provide additional information, that is they show a progressive decrease in morphometric similarity among populations (isolation by distance) within a 0-150 km range of geographic distances.
Conchological variability, expressed previously by shell size-related measurements, failed to show such a geographical cleavage (see Figure 4 , A-I): size heterogeneity was not geographically structured, despite a high degree of interpopulation variation, of which a large part seems to be environmentally determined (Madec and Guiller, 1993; Dupont-Nivet et al, 1997a, b) . However, a marked shell size differentiation seen in restricted areas has been used in the past as the basis of the assignment of a 'varietal' name to several forms, the best known being the giant Algerian subspecies H.a. maxima Taylor. H.a. maxima has been more recently redefined by numerous heritable traits identified in breeding populations, but we have never found on the field populations showing all of the maxima features. With the exception of minor discrepancies (see Guiller et al (2001) for an explanation relevant to the Moroccan populations), the variation in shell shape components splits the populations here according to a geographical pattern reflective of the historical hypotheses that have been suggested for molecular markers and genitalia. If all the four data sets can be considered as being independent, these qualitatively similar spatial distributions of variation argue that shell shape components, as used here, are not significantly influenced by environmental pressures. This is a result that has seldom been suggested for other wellstudied snails, for shell shape as defined by a ratio shell height/shell diameter (eg intertidal snails: Boulding and Hay 1993; Parsons, 1997; Johnson and Black, 2000; land snails: Goodfriend, 1986; Cameron and Cook, 1989 ; but see Welter-Schultes, 2000) or by shell aperture (Gittenberger, 1996) . In contrast, differences in shell size between populations belonging to the same form are often influenced by local conditions and illustrate this trait's high degree of phenotypic plasticity, this plasticity frequently being involved in life-history tactics, essentially through the trade-off between age and size at maturity (Madec and Daguzan, 1993; Madec et al, 2000) . In laboratory conditions, the evolution of experimental populations differing in shell size (SD) and shape (SH/ SD) demonstrated that, (i) giant size is maintained through several generations only in maxima, and (ii) the 'conical' trait (height approximately equal to the diameter), often observed in populations from eastern Maghreb, is retained in the F1 generation even though giant size relative to the same natural populations is lost. More generally, the SH/SD ratio is constant through generations reared under artificial conditions, whatever the SH/SD value of the first generation may be. These results were based on experiments involving, among others, the natural populations of Djemila (A14) (Madec and Guiller, 1993) , of Djemila and of El Bouni (A22) (Dupont-Nivet et al, 1997a) .
Sharp changes in shell characteristics have been noted between populations located around the edge of one of the geographical areas (Lesser Kabylia). This is defined as a suture zone resulting from secondary contact between peripheral populations of the two regions . Such abrupt changes have not been observed for genitalia measurements (see Figure 5(B) ). However, populations from the Eastern and Western entities seem to have evolved independently for a sufficiently long time to produce contrasted evolutionary allometries involving shell size and genitalia measurements, sometimes with spectacular consequences. Thus, adult individuals from the eastern population of Hammam Meskoutine (A17), which have a conical shell with a size in the middle range of the species (SD ¼ 31.572.2 mm) but which are of a small size compared with the other snails from Eastern Maghreb, are characterized by a fully developed genital apparatus, the proportions of which are comparable to those of juveniles from western European populations . On the other hand, snails from the population of Djemila (A14), which can be considered as the most representative of the contact zone (see Guiller et al, 1996) , also have a conical shell, but have genitalia of an intermediate size (eg, DIVL), which is about average for the species. Although genital evolution is beyond the scope of this study, such a pattern of covariation should have important mechanical implications leading to an eventual precopulatory isolation between snails from the eastern and western clusters. Detailed information is thus needed about (i) genetic exchanges between populations of the contact zone in relation to both mechanical constraints and the possibility of assortative matings, which have been observed in other Helicidae (Baur, 1998) , and (ii) the process(es) responsible for the geographical differentiation of 'primary' sexual traits (see Arnqvist, 1997; Eberhard et al, 1998) .
Acknowledgements
We thank J Brookfield and an anonymous reviewer for insightful comments and for checking the English on prior drafts of this manuscript. (1972) genetic distances between populations from North Africa with 13 enzymatic loci (77 alleles: allelic frequencies available in Guiller et al, 1994) .
Morphometric variation in a land snail L Madec et al
